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ABSTRACT 
Ground Penetrating Radar (GPR) identifies subsurface features 
by distinguishing materials with different dielectric constants 
and electrical conductivities. Subsurface cavities can, therefore, 
be detected by the variation in their electrical properties from 
the electrical properties of the surrounding material. To test 
the cavity detection ability of GPR, subsurface cavities of varying 
size, shape and content were modeled. Radar response to the cavity 
models was found to be affected by the composition of the surround-
ing soil material, the depth of the groundwater table, and the 
radar signal frequency. 
Based on knowledge gained from the cavity modeling study, a 
natural subsurface cavity was identified during a GPR field inves-
tigation. Limestone features such as bedding planes and fractures 
were mapped, and a detailed lake bottom profile was obtained by 
the radar system. 
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CHAPTER I 
INTRODUCTION 
Subsurface cavities are an integral part of the Central Florida 
environment. Due to the existing combination of hydrologic and geo-
logic conditions, cavity formations are connnon throughout the area. 
When these subsurface cavities collapse, a depression forms on the 
ground surface commonly known as a "sinkhole". Many of the natural 
lakes and ponds which are so numerous in Central Florida were formed 
by sinkhole collapse. 
In recent years, however, sink.hole formation in urban areas 
has become a serious problem. The Winter Park Sinkhole is probably 
the best known collapse of this kind. This 320 foot diameter sink-
hole consumed almost two acres of land and destroyed millions of 
dollars worth of property. Although the Winter Park Sinkhole is an 
extreme example, it demonstrates the destruction which is possible 
when a subsurface cavity collapses in a developed area. 
A quick, inexpensive, subsurface exploration method is needed 
which can detect cavities over a large area prior to development. 
Presently, boreholes are drilled at a . survey site to determine the 
subsurface conditions. However, because information is only provided 
at the speci.fic points where the boreholes are drilled, many bore-
holes are needed to determine if there are any subsurface cavities 
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at the site. Because drilling is time-consuming and expensive, it 
is usually impractical to drill enough holes to rule out the pre-
sence of cavities. 
Subsurface exploration techniques which can distinguish dif-
ferent earth materials by their physical properties are known as 
geophysical methods. These methods can identify subsurface fea-
tures without expensive drilling or excavation. There are many geo-
physical methods which can be applied to cavity detection. Gravity, 
seismic , electrical resistivity, magnetic and electromagnetic tech-
niques have all been tested with varying levels of success. Although 
none of the geophysical methods can be applied successfully to every 
subsurface condition, the electromagnetic method known as Ground 
Penetrating Radar (GPR) is a practical and versatile exploration 
method and a potentially effective cavity detection technique. 
One objective of this study is to evaluate the ability of GPR 
to detect the presence of subsurface cavities. Another objective 
is to gain an insight into the interpretation of the radar signals 
reflected from these cavities. In order to achieve these goals, 
subsurface cavities are modeled to test the GPR equipment under 
simulated conditions. By acquiring the radar data under known 
conditions, the radar signals reflected from the modeled cavities 
can be correlated with the actual cavity properties such as loca-
tion, depth, size, shape and contents. This knowledge of the radar 
response to varying cavity conditions can serve as an aid in the 
interpretation of radar data acquired during actual field investi-
gations. 
CHAPTER II 
LITERATURE REVIEW 
Ground penetrating radar systems in their present form have been 
in use since 1970. Ulriksen (1982) estimates that about 87 articles 
have been written on the subject of GPR since that time. The bulk 
of these articles cover such topics as soil profiling, rock explor-
ation and pavement and bridge evaluation. Relatively few articles, 
however, deal directly with cavity detection. Inexperience in inter-
preting field data, and depth limitations of the radar signal make 
cavity detection difficult in many cases. However, the development 
of interpretive skills and sophistication of the radar equipment will 
make cavity detection more practical in the near future. The follow-
ing literature review provides a general summary of GPR applications 
in the area of cavity detection. 
In May 1974, ground penetrating radar experiments were spon-
sored by the National Coal Board of Great Britain (Cook 1974). The 
purpose of these experiments was to evaluate the ability of GPR to 
detect unmapped abandoned mine shafts ahead of present mining acti-
vities. These shafts can contain mud and water under pressure which 
could pose a serious safety ~azard. The experiments were conducted 
with the radar equipment located in the mine. A 100 MHz radar an-
tenna was coupled directly to the rock surface to reduce the radar 
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signal attenuation. By employing this method, researchers were able 
to obtain clear reflections from interfaces through up to 28 feet 
of coal. 
Moffat and Puskar (1976) used a pulse radar system to locate 
abandoned coal mines near Lake Hope in Ohio. Drainage from the mines 
was polluting Lake Hope and one solution to the problem was to seal 
the mine entrances and to flood the mine. However, it was unknown 
if the coal at the front of the seam and between tunnels was thick 
enough to withstand the pressure of the entrapped water. Radar 
probings were conducted on the hill above the coal seam to locate 
tunnels. If tunnel detection proved possible, the thickness of 
the coal pillars between tunnels could be determined. 
A very low frequency 10 MHz signal was used in the investiga-
tion. The tunnel which was investigated measured about 4 feet from 
roof to floor and was about 12 feet wide. The overburden consisted 
mostly of sandstone and a thin layer of topsoil. The pulse velocity 
in the sandstone was measured to be 0.3 feet per nanosecond which 
corresponds to a dielectric constant of about 9. The tunnel in 
the coal seam was successfully detected at a depth of 19 feet. 
Dolphin, Beatty, and Tanzi (1978) conducted a radar investi-
gation of a mountain in New Mexico known as Victoria Peak. The geol-
ogy of the mountain includes many interesting subsurface features 
such as cracks, fissures, cavities, caves, and tunnels. The radar 
system used in the investigation was capable of operating at fre-
quencies of 20, 25, 50, 80 and 125 MHz. The propagating medium was 
primarily limestone-based. 
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The radar system was successfully used to measure the thickness 
of cave-ins, roof thicknesses over known underground chambers, and 
other subsurface features at depths ranging from 10 to 50 feet. 
During the investigation, echoes at great depths, with a total time 
delay of 1600 to 2500 nanoseconds, continued to recur. Numerous 
probings from several locations appeared to verify the existence 
of radar reflections which were occurring at depths from 350 to 431 
feet. It is believed that these echoes were reflected from very 
large caverns within the mountain. The ability of the radar signal 
to penetrate to such great depths is credited to the enormous size 
of the caverns and the low signal attenuation in the propagating 
medium. 
One way of overcoming the depth limitations of the radar signal 
is to place the antenna in a probe that can be lowered into a bore-
hole. S.A. Subler (1981), a researcher for the Southwest Research 
Institute, developed a borehole probe that could be used to locate 
cavities and unstable roof conditions ahead of mininz activities. 
The purpose of acquiring this data was to prevent mining accidents. 
Subler developed a 100 MHz radar probe which both transmitted 
and then received the radar signals after they were reflected from 
interfaces around the borehole. The probe successfully located a 
known abandoned mine at the Kemmerer Coal Company at Kemmerer, Wyo-
ming. The mine was 35 feet deep and located hoiizontally 50 feet 
from the borehole. However, at the York Canyon Mine in Raton, New 
Mexico, attempts to locate a mine shaft and a fault line at distances 
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of 50 feet were unsuccessful. At both test sites, coal was the med-
ium being surveyed. In a hard rock medium, Suhler was able to dis-
tinguish reflections from geologic structures at distances of 60 
feet using computer processing techniques to reduce signal clutter. 
Thomas E. Owen (1981), also of the Southwest Research Institute, 
used a hole-to-hole method to locate cavities. This method incor-
porates separate transmitter and receiver probes which allow radar 
pulses to be sent from one hole to another. This sytem is illus-
trated in Figure 1. Be.cause electromagnetic waves travel faster 
through an air-filled cavity than through the surrounding earth, it 
is possible to distinguish their presence by a decrease in the pulse 
travel time between probes in the cavity area. Furthermore, the 
boundaries and the geometric shape of the cavity diffract and scat-
ter the transmitted pulse causing disturbances in the wave pattern 
which can be seen by the receiving probe. 
The equipment for Owen's testing included receiver and trans-
mitter probes with a frequency of 100 MHz, a dual-drum wireline 
winch that could be used to raise and lower the transmitter and re-
ceiver probes simultaneously or separately, a control unit, and a 
magnetic tape recorder. The first test area was Medford Cave near 
Gainesville, Florida. This cave is a shallow limestone solution 
cavity, with narrow caverns 3 meters to 12 meters long. The depth 
of the cave ranges from 5 to 20 meters. Results of the borehole 
probe showed strong verification of subsurface cavities. Another 
test site was the Colorado School of Mines Test Site at Idaho 
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Springs, Colorado. The tunnel was located by the radar system at 
a depth of 48.5 meters. The results of these tests indicate a 
strong potential for the ability of a hole-to-hole radar system to 
locate subsurface cavities. 
James Doolittle (1982) tested GPR's ability to locate areas 
of subsurface fracturing and cavitation in the limestone bedrock 
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areas of the Texas-Oklahoma region. His testing was performed with 
the radar antenna located on the ground surface. Antenna frequencies 
of 120 MHz, 300 MHz and 500 MHz were used. In most cases, the re-
sults were disappointing. The high conductivity of the overburden 
soils caused a rapid attenuation of the radar signal which severely 
restricted the probine depth. Even when using the lower frequency 
antennas, which provide the deepest penetration, probing depths were 
limited to about 8 meters. Although attempts at locating deep cavi-
ties were unsuccessful, the GPR system did provide a high quality 
record of shallow subsurface features in the limestone bedrock such 
as fracture zones and bedding planes. 
Peter Ulriksen (1982), of Lund University in Sweden, used a GSS 
radar system to detect caves in limestone near Ignaberga, Sweden. 
The limestone was covered by till and the groundwater level was well 
below the cave elevation. The cave reflection patterns are the small 
hyperbolic dark bands shown in Figure 2. Because no drillings were 
performed to determine the actual cave depth, the depths were esti-
mated by approximating the pulse velocity. Based on a dielectric 
constant of 9 in the dry till overburden, and a dielectric constant 
of 4 for the equally dry limestone, the left cavity was determined 
to be 10.7 meters deep. The two reflections from the cavity on 
the right are believed to come from the roof and floor of the cave. 
The cave height is about 7.4 meters. 
Ulriksen studied another cave south of Visby on Gotland, Sweden. 
This cave descends at a 28 degree angle from the ground surface, and 
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Fig. 2. Radar profile showing cavities in limestone 
(Ulriksen 1982). 
measures 0.75 meters from roof to floor. Because there was no soil 
cover at this location, the antenna was dragged directly over the 
limestone surface. Five traverses were made perpendicular to the 
length of the cave using a 300 MHz antenna. 
The resulting radar data is shown in Figure 3. Reflections 
from the cave interfaces are labeled I and II, and the three hori-
zontally layered interfaces are labeled A, B, and C. The five tra-
verses are labeled L1 through L5 and the depth to the cave roof in-
creases with each successive traverse. The results indicate very 
Fig. 3. 
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strong reflections from the roof and floor of the air-filled cave. 
However, an analysis of the reflected signal amplitudes and travel 
times indicates that the oscillations in the reflection from the 
roof overlap the reflection from the floor. This is due to the 
close spacing of the two interfaces. Because of this overlapping, 
reflection II cannot be considered a unique reflection from the cave 
floor. 
In sunnnary, Ground Penetrating Radar has been applied to the 
detection of subsurface cavities over the past 10 years with varying 
degrees of success. The success of the radar method is primarily 
dependent on the subsurface conditions at the investigation site. 
The best results are obtained in dry rock or dry sand mediums of low 
conductivity. Much more research is necessary to determine the abil-
ity of GPR to detect cavities in areas of karst topography, such as 
Central Florida. 
CHAPTER III 
GROUND PENETRATING RADAR THEORY AND OPERATION 
Electromagnetic Principles 
Ground Penetrating Radar is the latest technological advance 
in geophysical exploration. A GPR system provides a graphic record 
of subsurface features without disturbing the material being probed. 
Although the system is technically complex, its operation is based 
on fundamental principles of electromagnetic wave theory. 
When an electromagnetic pulse traveling through a medium strikes 
another medium with different electrical properties, part of the 
pulse is reflected and the rest of the pulse continues to travel 
through the new medium. The reflected pulse energy, E , from an 
r 
interface between two materials is related to the incident energy, 
E , by the relationship: 
0 
where: 
r = 
E 
r 
E 
0 
= 
r = the reflection coefficient at the interface between 
materials 1 and 2 
the relative dielectric constants for materials 1 
and 2, respectively 
(1) 
The dielectric constant is a measure of the electrical storage capa-
city of a material. If material 2 has a higher dielectric constant 
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than material 1, the reflection coefficient will be negative. There-
fore, the pulse reflected from the interface will have a polarity 
opposite to the transmitted pulse. Also, if the dielectric con-
stant of material 2 varies greatly from the dielectric constant of 
material 1, most of the incident energy will be reflected. Converse-
ly, if material 2 has a dielectric constant about the same as mater-
ial 1, most of the incident energy will be transmitted through the 
interface. 
The GPR system uses this electromagnetic principle to obtain a 
profile of subsurface features. The antenna, located on the ground 
surf ace or in a borehole, transmits a radar pulse into the earth or 
other media to be tested. When the pulse strikes an interface be-
tween two subsurface materials with different dielectric constants, 
some of the pulse energy is reflected, and the remainder continues 
on through the new material to the next interface and so on. The 
reflected pulses from the different subsurface interfaces are re-
ceived by the antenna and are processed to form a pattern of pulse 
reflection versus pulse travel time. The radar system can be thought 
of as a sophisticated timing device which emits an electromagnetic 
pulse and records the amount of time it takes the various interface 
reflections to return. By proper interpretation of the radar re-
flection data, the subsurface features of an area can be described. 
Radar Equipment Function 
The GPR equipment used in this study is shown in Figure 4. 
This equipment, which is manufactured by Geophysical Survey Systems, 
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Fig. 4. Geophysical Survey Systems, Inc. radar unit. 
Inc., includes several transmitter/receiver antennas of varying fre-
quencies, a radar control unit, and a graphic recorder. Figure 5 
shows the GPR system in block diagram and functional form. The power 
supply furnishes a DC voltage to the pulse transmitter. The trans-
mitter uses a fast-acting switch to create a time-limited signal, or 
voltage pulse, which is sent directly to the broadband antenna during 
Power 
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Pulse 
Transmitter 
-. . 
-
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.. 
• 
' ·. 
15 
Transmit/ 
Receive 
Selector 
Graphic 
Recorder 
Tape 
Recorder 
Receiver 
. . 
. . 
. . . . 
. 
,,• • .. 
:. 
. 
~~----.---::-"--".a----..-..:-~- Reflected • 0 
• Pulse 
Fig. 5. GPR system in block diagram and functional form 
(Morey 1974). 
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the transmit cycle. This pulse is a brief electromagnetic transient 
shaped to quasi-gaussian form. The transmitted pulse travels through 
the subsurface until it reaches an interface as shown in Figure 5. 
The signals reflected by the interface are received by the same anten-
na which is used for transmission by using a transmit-receive selec-
tor that prevents transmitted pulses from entering and damaging the 
receiver. The receiver system amplifies the received reflections 
and uses a time-domain sampling technique to construct a waveform of 
similar shape to that of the actual received signal, but with a much 
longer time base. The resulting frequency is in the audio range 
where it can be readily recorded, processed, and displayed. 
The purpose of the control unit is to allow the operator to am-
plify the reflected waveform as desired and to adjust the time span, 
or probing depth, of the radar scan. The time span is determined 
by the range adjustment. The calibration charts for this adjustment 
are shown in the Appendix. An oscilloscope on the control unit dis-
plays a trace of the reflected waveform so that it can be processed 
as desired by the operator. After being processed by the control 
unit, the waveform is sent to the graphic recorder for a hardcopy 
display. The graphic recorder produces an image by printing strong 
signals as black and weak signals as white. Signals of intermediate 
strength are printed in varying shades of gray. 
As the antenna is pulled along the ground surf ace, a continuous 
stream of reflected waveforms is processed by the -control unit and 
17 
instantly sent to the graphic recorder. A subsurface profile is de-
veloped as the waveforms are printed by the graphic recorder. This 
process creates a continuous record of subsurface reflections over 
a given survey distance from which subsurface features, such as soil 
layers, rock layers, and pipes, can be distinguished. 
Interpretation of Radar Data 
An example of a simple reflection pattern and the corresponding 
graphical record is shown in Figure 6. The time scale, or depth 
scale, of the scan is in the downward vertical direction. The strength 
of the received signals is shown by the size of the waveform in the 
signal pattern on the left, and by the intensity of the dark bands on 
the graphical record. 
The received signal pattern consists of three basic parts: 
(1) the transmit pulse, (2) the surface reflection, and (3) the re-
flection from a subsurface interface, such as a soil layer. The 
first dark band at the top of the profile is the transmit pulse. 
This pulse is a feed-through of the transmitted pulse directly into 
the receiver section of the antenna and serves as a time reference. 
The group of closely spaced dark bands immediately following the 
transmit pulse is the strong reflection from the surface. Then at 
a point on the time scale equal to the pulse travel time from the 
antenna to the interface and back to the antenna, the interface re-
flection appears. 
SIGNAL 
AMPLITUDE 
--o-+ 
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Fig. 6. Typical signal pattern (left) and corresponding 
graphical record (GSSI, 1982). 
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An important characteristic of the reflection pattern is the 
appearance of three dark bands in the reflection from the interface 
instead of just one. This triple band, which is typical of all 
radar data, is caused by oscillations in the reflection of the pulse. 
This oscillation reduces the ability of the system to discriminate 
between closely spaced interfaces. If a second interface close to 
the first interface generates a pulse reflection, that reflection 
will superimpose itself onto the oscillations from the pulse reflec-
tion from the first interface. If the superimposing waveforms have 
the same polarity, or sign, they will be additive, and if their 
polarity is opposite, they will tend to cancel each other out. 
However, the lower interface will not be completely obscured because 
portions of its own oscillations will appear, but the actual depth 
of the lower interface will be difficult to determine. For instance, 
if a thin clay layer surrounded on top and bottom by sand is being 
surveyed, the depth to the clay layer can easily be determined but 
superposition of the waveforms from the top and bottom interfaces 
will make the thickness difficult to estimate. 
The radar antenna radiates signals into the ground in a beam 
roughly conical in shape. The included angle of the beam from front 
to back is approximately 90 degrees, and the side beam angle is 
about 60 degrees. An important feature to recognize when inter-
preting radar data is that the antenna only receives reflected 
pulses from an interface when the transmitted pulse strikes the in-
terface at a 90 degree angle. In other words, the radar system 
/ 
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only sees subsurface features which are normal to some portion of the 
conical radiation pattern. When an interface is planar and parallel 
to the path of the antenna, such as a soil layer, only the pulse ener-
gy directed straight down is reflected back to the antenna. In other 
words, at any one moment the antenna only "sees" the portion of the 
flat soil layer directly beneath it. 
For interfaces with a curved surface, such as a pipe, the re-
flection pattern is quite different. The surface of a round pipe 
is normal to the conical radiation beam at many antenna locations on 
the ground surface. As shown in Figure 7, as the antenna moves to-
ward the pipe, the first reflection is received when the antenna is 
at a 45 degree angle from a vertical line drawn through the center of 
the pipe. Reflections from the pipe continue to be received until 
the antenna reaches the same horizontal distance, X, on the other 
side of the pipe. A continuous record obtained in this manner will 
produce a hyperbolic travel time curve as shown in Figure 7. The 
"tails" of the hyperbola represent reflections from the pipe when 
the antenna is not directly overhead and, therefore, "sees" the pipe 
as being deeper than it actually is. The apex of the hyperbola 
represents the true pipe depth. This radar response is typical for 
all curved interfaces and must always be considered when interpreting 
radar data. The reflection from the bottom of a circular pipe will 
have the same hyperbolic shape as the reflection from the top. This 
is because the shortest pulse travel distance to the pipe bottom will 
also occur when the antenna is directly above the center of the pipe. 
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Fig. 7. Hyperbolic reflection from a circular pipe. 
Depth Calibration 
Because the radar system provides a record of interface reflec-
tions versus pulse travel time, the depth to a subsurface interface 
can be determined if the velocity of the radar pulse through the 
propagating material is known. This velocity is related to the di-
electric constant of the medium by the relationship: 
v = 
where: 
c 
(£ )~ 
r 
(2) 
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C = propagation velocity in free space (approximately 1 
foot per nanosecond) 
s relative dielectric constant of medium 
r 
Once the dielectric constant of the subsurface material is deter-
mined, the pulse velocity can be calculated from equation 2. However, 
the electrical parameters of earth material, dielectric constant and 
conductivity, are difficult to estimate because they are dependent 
upon the water content, temperature, pressure, and impurities of th~ 
material, and the frequency of the radar signal (Morey 1974). Approx-
imate values of dielectric constant and conductivity for various 
earth materials are given in Table 1. These values are based on typi-
cal natural conditions of temperature and pressure, and the opera-
ting frequency range of the radar signal. 
The water content of an earth material has a very significant 
effect on its electrical parameters. Increasing water content tends 
to increase the dielectric constant of a material. An increase in 
the dielectric constant causes a decrease in the pulse velocity. 
This phenomenon is important to consider when probing at depths be-
low the groundwater table. Because the pulse velocity will decrease 
when the pulse reaches the saturated soil below the groundwater table, 
the depth scale of the radar record will be elongated. 
The conductivity of an earth material also increases with in-
creasing moisture content, and the amount of salts in solution. The 
maximum penetration depth of the radar signal is highly dependent 
on the material conductivity. 
I 
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TABLE 1 
APPROXIMATE VHF ELECTROMAGNETIC PARAMETERS 
OF TYPICAL EARTH MATERIALS* 
Approximate Approximate 
Material Conductivity Dielectric 
a (mho/cm) Constant, E 
r 
Air 0 1 
11 
Fresh Water 10-4 to 3 x 10 -2 81 
Sea Water 4 81 
Sand "dry" 10-7 to 10-3 4 to 6 
Sand, saturated 
10-4 10-2 / ' (fresh water) to 20 
Silt, saturated 
10-3 10-l / (fresh water) to 30 
, 
Clay, saturated 
10- 1 J (fresh water) to 1 40 
Dry, sandy, flat 
x 10-3 coastal land 2 10 
Rich agricultural land 
10-2 low hills 15 
Fresh water ice 10-4 to 10-2 4 
Permafrost 10-5 to 10-
2 4 to 8 
Granite (dry) 10-8 5 
Limestone (dry) 10-9 7 
* Data from Von Rippel (1954), Kraichmann (1970), and Wait 
(1971). 
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The most accurate way of determining the pulse velocity is to 
scan over a target of known depth, such as a pipe or a soil layer. 
By obtaining the two-way travel time of the reflected pulse from 
the radar record, the pulse velocity may be calculated from: 
where: 
v = 2R 
twt 
R measured depth to target 
twt = two-way travel time of pulse 
(3) 
The pulse velocity obtained by this method is an average vela-
city for the material between the surface and the target. It is 
valid if the area being surveyed has subsurface conditions similar 
to the target site. However, this average velocity might not be 
valid at depths greater than the target depth due to possible changes 
in earth material or water content. It is essential that accurate 
subsurface information be obtaine~ by sample borings in order to rea-
sonably estimate the depth scale of the radar data. 
Another method of obtaining average pulse velocity is described 
in the Geophysical Survey Systems, Inc. SIR (Subsurface Interface 
Radar) Manual (1982). This method is based on the previously dis-
cussed concept of radar reflections from a pipe. Referring to 
Figure 7, the first reflection from the pipe will be recorded at a 
slant distance, Z, corresponding to a two-way travel time, t 2 • 
This depth is greater than the actual depth to the pipe, Y, 
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corresponding to the time, t . y It must be assumed that the sub-
surface material above the pipe is homogeneous. Also, the pipe 
dimensions must be insignificant relative to the pipe depth and 
the horizontal distance, X. Using the following geometrical re-
la tionships: 
and 
.!Y. 
tz 
y 
z 
The depth to the pipe is derived as: 
y x 
2 
[ (g) - 1] 
ty 
Penetration Depth of Radar Signal 
(4) 
(5) 
(6) 
The effectiveness of a GPR survey is limited in many cases by 
the penetration depth of the radar signal. ~ The maximum penetration 
depth of the radar pulse is determined by limitations of the radar 
equipment and by propagation losses in the material being probed. 
In order to detect a pulse reflected from a subsurface interface, 
the total propagation loss must be less than or equal to the perfor-
mance figure of the radar equipment, 
TPL < PF (7) 
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where the performance figure, PF, of the radar system is defined 
as: 
PF radiated peak power (8) minimum detectable received signal power 
The PF is limited by practical considerations in the design of the 
radar equipment. Presently, radar performance figures are typi-
cally limited to 100 to 110 db, but improved designs should make PF's 
on the order of 200 to 230 db possible in the future (Cook 1981). 
The total propagation loss, TPL, is defined as: 
TPL = spreading loss + propagation loss (9) 
The spreading loss is a decrease in the energy density of the radar 
signal which is caused by the increasing area of the radar beam as 
it travels through the medium. The fraction of the transmitted sig-
nal which reaches the subsurface interface, or target, can be ex-
pressed as: 
outgoing power spread area = 4nR2 /G 
target cross-section a (10) 
where: 
R depth to target 
G = antenna gain 
a = target cross-section 
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The fraction of the power reflected from the target which is 
received by the antenna is defined by: 
returning power spread area (11) receiving antenna effective area 
where: 
A radar signal wavelength 
The product of these two factors yields: 
total spreading loss = (12) 
This expression shows that the spreading loss increases rapidly with 
increasing target depth. However, increases in target cross-section 
area, antenna gain, and signal wavelength will decrease spreading 
loss. Due to this relationship, low frequency antennas, which gener-
ate larger signal wavelengths, will incur somewhat smaller spreading 
losses than higher frequency antennas. 
The absorption loss is expressed by the absorption coefficient, 
a, of the medium being probed. This coefficient can be calculated 
from the theoretical formula: 
2 
c- 0 k k 
a = w { ¥ [ ( 1 + 22) 2 - 1] } 2 (13) 
w E: 
where: 
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w 2Tif (radians/second) 
µ 
€ 
€ € 
o r 
4TI x 10-7 (henry/meter) 
8.85 x 10-12 € 
r 
a conductivity (mhos/meter) 
The absorption coefficient can be conveniently expressed in terms of 
attenuation, A, in decibels per meter by the following expression: 
A 
8 k 12.863 x 10- f(€ ) 2 
r 
2 ~ a k [(l + --y-z) - l] 2 (14) 
w € 
Where f is the frequency and the other parameters are previously 
defined. From this relationship it can be seen that an increase 
in conductivity will cause a significant increase in signal atten-
uation. Due to this characteristic, earth materials with a high 
water content, and, therefore, a high conductivity, will attenuate 
the radar signal more rapidly than dry earth materials. Furthermore, 
an increase in frequency will also increase the signal attenuation. 
For this reason, low frequency antennas are used to achieve the 
greatest penetration depths. Table 2 lists attenuation values cal-
culated by Morey (1974) for typical earth materials over the fre-
quency range from 1 to 500 MHz. The attenuation values for sea wa-
ter can be obtained by substituting the values of dielectric con-
stant and conductivity from Table 1 into equation 14. The electri-
cal parameters used to calculate attenuation for the other mater-
ials, however, are not known. 
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TABLE 2 
ATTENUATION IN DECIBELS/METER* 
Material Frequency MHz 
1 2 3 4 
Pure water 0.025 0.039 0.408 16.191 
Sandy soil 
(moist) 0.471 0.513 0.773 4.047 
Clay soil 
(dry) 0.013 0.075 0.425 1.649 
Clay soil 
(moist) 0. 780 3.803 17.93 53.75 
Sea water 34.50 108.54 326.54 592.03 
Granite 
-5 -5 (dry) -5 10-5 0.732 x 10 0.732 x 10 0.732 x 10 0.732 x 
*Data from Morey (1974). 
The total attenuation loss for a signal reflected from a sub-
surface interface is given by: 
attenuation loss = 2AR (15) 
Therefore, the total power loss expressed in decibels is given by: 
TPL + 2RA (16) 
Using an analysis similar to the above, Cook (1981) calculated 
that penetration depths up to 100 meters may be possible under the 
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most favorable conditions in hard rocks, such as limestone and gran-
ite. He also stated that improvements in radar system de$ign may 
make penetration depths up to 200 meters possible in the future. 
Determination of the maximum penetration depth at a site before 
the actual radar survey is difficult due to the many factors which 
influence radar signal penetration. The electrical properties of 
soil, rock, and water vary greatly from site to site. Furthermore, 
under actual field conditions, the earth material being probed is 
most of ten non-homogeneous and the signal strength is quickly re-
duced due to the reflection of the signal from several layered 
interfaces. As seen from equation 16, the size and shape of the 
target will also affect the detection ability of the radar system. 
Generally, penetration depths will be the greatest in low con-
ductivity materials, such as ice, rock and sand, and the least pen-
etration will be attained in high conductivity materials such as 
clay and sea water. Penetration depths of 230 feet have been re-
ported in an Antarctic ice shelf, 75 feet in water saturated sands, 
5 feet in wet clay, and less than a foot in sea water (Morey 1974). 
Clearly, a great deal remains to be learned about the performance 
of GPR. As use of the system becomes more widespread, data can be 
accumulated which will, hopefully, make GPR performance under 
given subsurface conditions more predictable. 
CHAPTER IV 
SUBSURFACE CAVITY MODELING AND RADAR PROFILING 
In order to study the radar signal patterns reflected from 
subsurface voids, cavities of varying depth, size, shape and con-
tent were simulated. The cavity models were created by excavating 
to the desired depth, emplacing a lining or container, and back-
filling with the excavated soil. The three model cavities buried 
above the water table were air-filled, and the single cavity placed 
below the water table was filled with water to simulate actual 
field conditions. Radar antennas with frequencies of 900, 500, 300 
and 80 MHz were used to profile the cavity models. 
The GPR cavity test site is located on the campus of the Uni-
versity of Central Florida. The soil at the site is primarily 
light tan, uniform, fine sand. The soil is classified SP in the 
Unified Soil Classification System or A-3 in the AASHTO system. 
At depths of 3.5 to 4 feet the sandy soil is interrupted by a 
layer of dark organic hardpan 1 to 2 feet thick. The water table 
is at a depth of approximately 4 feet. 
Air-filled Cavities 
As a preliminary test, an air-filled plastic cylinder was 
buried at a depth of 1.9 feet. The cylinder has a diameter of 11 
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inches and a length of 15 inches. It was placed on its side in 
the excavation and then covered as shown in Figure 8. Since this 
model cavity is relatively small in size and buried at a shallow 
depth, only high frequency antennas were used to obtain the best 
resolution. The antennas were pulled along a path perpendicular 
to the cylinder's length to profile a circular cross section of 
the cavity. 
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Fig. 8. Cylindrical and cubic air-filled cavities. 
The radar profiles obtained with the 900 and 500 MHz antennas 
are shown in Figure 9 and 10, respectively. Referring to Figure 
9, the two-way time scale in nanoseconds (ns) is shown on the right 
side of the radar profile. The total time span of 16.5 ns 
t_ I 
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Fig. 9. 
tenna. 
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corresponds to a normal range adjustment of 0 x1 from the calibra-
tion chart in the Appendix. The first dark band at the top of the 
profile is the transmit pulse. The origin of the time scale is 
located inIDlediately above this band. The dark band below the 
transmit pulse is the first pulse reflection from the ground sur-
face. The origin of the depth scale (ground surface) is taken as 
the thin white band created by the crossover in signal polarity be-
tween the transmit pulse and this surf ace reflection as depicted 
in Figure 9. 
The dark bands beneath the surface reflections in Figure 9 
are reflections from various subsurface interfaces. The hori-
zontal bands on the left and right sides of the profile are produced 
when the antenna is stationary. As the antenna begins to move, 
the subsurface reflections no longer appear horizontal due to ir-
regularities in the soil composition. 
The cavity roof is identified by the hyperbolic reflection 
patterns that appear in the profile of Figure 9. However, the 
small diameter of the cylinder prevents a clear reflection from 
the cavity floor. The proximity of the roof and floor interfaces 
causes oscillations of the cavity roof reflection to almost com-
pletely mask the cavity floor reflection. 
The known depth of the interface and the two-way pulse travel 
time of the roof reflection are used to calculate the pulse velo-
city in the overlying soil. The cavity roof interface is taken as 
the polarity crossover between the first two hyperbolic reflection 
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bands as shown in Figure 9. Therefore, a two-way pulse travel 
time of 9.3 ns between the ground surface reference and the desig-
nated cavity roof interface is obtained from the time scale of the 
profile. By applying equation 3, the pulse velocity is calculated: 
v 2R _ 2(1.9 ft) 
twt 9.3 ns 0.41 ft/ns 
Pulse velocities are traditionally expressed in terms of time per 
distance for convenience. Therefore, this velocity is expressed 
as 2.44 ns/ft. 
The relative dielectric constant of the overlying material is 
computed by application of equation 2: 
E 
r 
5.95 
The computed dielectric constant is in the expected range of 4 to 
6 for dry sand as given in Table 1. 
This analysis is applied to all of the radar data. The ground 
surf ace and subsurface interfaces are consistently identified as 
polarity crossovers for convenience. This assumption causes the 
computed velocity to be slightly slower than the actual value, but 
the error is small and does not significantly affect the accuracy 
of the results. 
Hyperbolic reflection patterns from the cavity roof are also 
evident in the 500 MHz profile of Figure 10. The resolution of 
soil interfaces is noticeably poorer in this profile due to the 
larger signal wavelengths. 
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The target built for the second test is a 2 foot air-filled 
cube as shown in Figure 8. This model is constructed with one-
quarter inch thick plywood on all sides, and buried at a depth of 
of 1.75 feet. The radar profiles by the 900 and 500 MHz antennas 
are shown in Figures 11 and 12, respectively. 
The cavity roof interface is identified in Figure 11. Curva-
ture of the cavity roof due to the overburden soil pressure is ap-
parent in this profile. The two-way travel time of 7.9 ns corre-
sponding to the roof interface yields a pulse velocity of 2.26 ns/ 
ft. The computed dielectric constant of the overburden soil is 
5.11. 
On the 900 MHz profile in Figure 11, three relatively weak 
horizontal bands below the strong roof reflection appear to be a 
reflection from the cavity floor. The roof to floor height of the 
model is 2 feet, therefore the two-way pulse travel distance is 4 
feet. Since the pulse velocity in air is 1 ns/ft, the two-way tra-
vel time between the roof and floor interfaces should be 4 ns. 
However, the scaled two-way pulse travel time from the roof inter-
face to the apparent floor interface in Figure 11 is 5.1 ns. This 
discrepancy is caused by the partial masking of the floor reflection 
by oscillations of the roof reflection. The computed location of 
the cavity floor is designated in Figure 11. Note that the floor 
interface occurs at an apparent depth less than its actual depth 
of 3~75 ft, because the pulse travels at a much faster velocity in 
the air-filled cavity than in the surrounding soil. 
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A floor reflection does not appear in the 500 MHz profile of 
Figure 12, because the larger wavelength signal does not provide 
sufficient resolution to differentiate the closely spaced roof and 
floor interfaces. 
In the next step of the investigation, two larger and deeper 
subsurface cavity models were constructed for study. The lining 
chosen for these models was polyvinyl chloride (PVC) because of its 
strength, durability and low conductivity which would reduce signal 
attenuation. A PVC sheet thickness of one-quarter inch was selected 
as the smallest thickness which could withstand the anticipated 
soil overburden pressures. 
Both cavity models are composed of two identically shaped hemi-
spheres. These hemispheres were formed by heating the PVC sheet 
and "pushing" or molding it to the desired shape. In the beginning, 
a spherically shaped void was considered due to the convenience of 
its circular cross section. However, the process of molding the PVC 
hemispheres into a spherical shape would severely weaken their 
strength. To avoid this weakening, the spheres were flattened in 
the vertical direction to create an ellipsoidal rather than a cir-
cular cross section. The PVC cavity models were fabricated by Faulk-
ner Plastics, Inc. of Tampa, Florida. 
A diagram of the air-filled PVC cavity is shown in Figure 
13. The model is buried at a depth of 2.7 feet from the ground sur-
face to the cavity roof. The horizontal diameter of the cavity is 
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Fig. 13. Air-filled and water-filled PVC cavity models. 
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3 feet and the maximum distance between roof and floor is 2 feet. 
Photographs of an excavation for cavity burial and a PVC cavity 
model are shown in Figures 14 and 15, respectively. 
Radar profiles of the air-filled cavity are shown in Figure 16 
through 22. These profiles were obtained with radar antenna fre-
quencies of 900, 500, 300, and 80 MHz, respectively. The total scan 
time, or probing depth, varies among the profiles. A review of 
these figures reveals a decrease in signal resolution with decreas-
ing frequency. For instance, in the 80 MHz profile of Figure 22, 
the resolution is so poor that the cavity roof is virtually unde-
tectable. Another consistent pattern among the profiles is the in-
crease in the strength of the cavity reflections with decreasing 
antenna frequency, due to the smaller signal absorption losses in-
curred with low frequency antennas. The rapid attenuation of high 
frequency signals is exemplified in the 900 MHz profile of Figure 
16 where the cavity reflections are very weak, indicating that the 
cavity is located close to the maximum penetration depth of the 900 
MHz antenna. 
The 900 and 500 MHz profiles shown in Figures 16 and 17, re-
spectively, provide good resolution of near surface features. In 
these profiles, irregularly shaped random signal reflections appear 
directly above the cavity. These reflections are the result of the 
excavation and backfilling of the overburden soil. Soil layers 
with different electrical properties are blended and numerous ran-
dom reflections arise from the nonhomogeneous material. 
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antenna, normal range adjustment 200 x 1. 
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antenna, normal range adjustment 100 x 2. 
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In Figures 17 through 22, dark bands appear on both sides of 
the cavity reflection. These bands are a strong reflection from the 
organic hardpan layer which is conunon in this part of Central 
Florida. The hardpan layer is not detected in Figure 16 due to 
the limited penetration provieed by the 900 MHz antenna. 
The reflection from the cavity roof is represented by the dark 
hyperbolic bands in the radar profiles of Figures 16 through 21. 
This pattern is expected due to the ellipsoidal cross section of 
the cavity. A similarly shaped r~flection pattern is also expected 
from the cavity floor, since the shortest signal path to the upward-
ly concave cavity floor also occurs when the antenna is directly 
above the center of the cavity. Reflections which appear to emanate 
from the cavity floor are visible in all the profiles. 
In the 900 MHz radar profile of Figure 16, which provides the 
best resolution of closely spaced interfaces, the apparent cavity 
floor interface appears about 4.6 ns after the roof interface. How-
ever, the actual cavity height of 2 feet should produce a two-way 
pulse travel time of 4 ns. Oscillations of the roof reflection which 
partially mask the initial reflection from the floor are responsible 
for this discrepancy. The PVC cavity lining makes these oscillations 
more pronounced than they would be under natural cavity conditions. 
Instead of a single soil-air interface, the lining creates a soil-
PVC interface and a PVC-air interface. Oscillations in the reflected 
pulses from both interfaces are expected. Although the cavity floor 
is not precisely defined by the radar data, its presence and general 
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location are evident from segments of its reflection pattern which 
are not masked. As in the cubic model profile of Figure 11, the 
reflection from the floor appears at a depth less than the actual 
floor depth of 4.7 feet due to the faster pulse velocity inside the 
air-filled cavity. 
Another common characteristic of the radar data in Figures 17 
through 22 is the presence of multiple reflections from the bottom 
of the cavity. These reflections are the result of the air-PVC and 
PVC-soil interfaces at the cavity floor. The transition from exca-
vated soil to natural soil directly beneath the cavity also gener-
ates pulse reflections. 
Referring to the 900 MHz profile of Figure 16, the two-way pulse 
travel time from the surface to the cavity roof is 13.2 ns. Since 
the depth to the cavity roof is known to be 2.7 feet, a pulse velo-
city of 2.44 ns/ft and a dielectric constant of 5.98 can be calcu-
lated for the overburden soil. 
Water-filled Cavity 
Another PVC cavity model was constructed for burial below the 
water table. The specifications of this cavity are shown in Figure 
13. The excavation had to be pumped dry while the model was put in 
place. The cavity was filled with water and sealed before it was 
covered. Its ellipsoidal cross section measures 4 feet horizontally 
with a maximum vertical height in the center of 3 feet. The cavity 
roof is 5.3 feet below the ground surface and about 1.3 feet below 
the water table. 
53 
Radar profiles of this cavity using 500, 300 and 80 MHz anten-
nas are shown in Figures 23 through 26, respectively. Due to the 
rapid attenuation of high frequency signals, the cavity could not 
be detected with the 900 MHz antenna. Reflections emanating from the 
cavity are barely visible in the 500 MHz profile (Figure 23), but 
clear cavity reflections are visible in the 300 MHz profiles (Fig-
ures 24 and 25) and the 80 MHz profile (Figure 26). 
Referring to the 300 MHz profile of Figure 24, the strong hyper-
bolic reflection pattern near the bottom of the profile emanates from 
the cavity floor. The location of the floor interface corresponds 
to a total two-way travel time of about 95 ns. Floor reflections 
located at approximately the same two-way time are visible in the 
500 MHz profile (Figure 23) and the other 300 MHz profile (Figure 
25). 
The cavity roof reflection is less apparent than the floor 
reflection in all of the profiles. In the 500 MHz profile, the roof 
reflection is completely absent, and only parts of the reflections 
can be seen in 300 and 80 MHz profiles. Multiple reflections from 
the nonhomogeneous overburden are responsible for the poor quality 
of the roof reflection. Because the soil above the cavity was back-
filled by earthmoving equipment, a great deal of debris and hardpan 
became mixed with the overyling sand. These anomolies produce 
numerous reflections which obscure the cavity roof reflection. 
The roof reflection is seen most clearly in the 300 MHz pro-
file of Figure 24. Referring to this figure, the identity of the 
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cavity roof can be verified by computing the difference between the 
two-way travel times of the roof and floor reflections and compar-
ing this time with the corresponding time measured from the record. 
The maximum distance between the roof and floor is 3 feet, and the 
pulse velocity in water is 9 ns/ft. Therefore, a pulse traveling 
from roof to floor should take 27 ns to make the trip one-way, and 
the two-way travel time should be 54 ns. The two-way travel time 
of about 55 ns measured from the record in Figure 24 is sufficiently 
accurate to verify the identity of the roof and floor reflections. 
From Figure 24, the two-way travel time difference between the 
ground surface interface and the roof interface is approximately 37 
ns. An average velocity of 3.5 ns/ft is computed for the soil over-
burden using the known cavity depth of 5.3 ft. This average pulse 
velocity is slower than those previously calculated for the soil 
overlying the cylinder and cube models due to the saturation of the 
sand below the water table. When Figures 23 through 25 were re-
corded, the water table was about 4 feet below the ground surface. 
By assuming a pulse velocity of 2.4 ns/ft for the 4 feet of rela-
tively dry sand above the water table, the velocity in the saturated 
sand below the water table can be calculated as follows: 
2(4 ft)(2.4 ns/ft) + 2(1.3 ft)V 37 ns 
or, 
V 6.8 ns/ft 
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In Figure 24, the cavity floor seems to be deeper than its 
actual depth of 8.3 feet because the depth scale is based on a pulse 
velocity of 6.8 ns/ft for the saturated sand. The slower pulse 
velocity of 9 ns/ft in the water-filled cavity causes the floor 
interface to appear at 9.2 ft. 
In Figure 26, the hyperbolic reflection from the cavity floor 
has a horizontal span of 13 feet, but, as shown in Figure 13, the 
water-filled cavity has a horizontal span of four feet. The radar 
reflection pattern is more than 3 times larger than the actual 
cavity in this direction due to the formation of a hyperbolic re-
flection pattern from a curved surface as illustrated in Figure 7. 
In the 80 MHz profile of Figure 26, the floor reflection ap-
pears at a two-way travel time of 102 ns. The first reflection from 
the roof is not visible on the record, but because the two-way pulse 
travel time bet~een the roof and floor is 54 ns, the roof reflection 
should appear at 48 ns. The increase in these two-way travel times 
over the times recorded in the other profiles is due to an increase 
in the moisture content of the sand above the cavity. The data in 
Figure 26 was taken after a period of heavy rain, which increased 
the water content in the soil above the cavity and lowered the aver-
age pulse velocity to 4.2 ns/ft. 
CHAPTER V 
GPR FIELD INVESTIGATION 
Profiling in Limestone 
To gain an insight into the performance of Ground Penetrating 
Radar under actual field conditions, several radar surveys were 
conducted in the Gainesville, Florida area. Due to the existing 
geologic conditions of soluble limestone underlying an unconsoli-
dated overburden, subsurface cavities and sinkholes are connnon in 
the central part of the state. Figure 27 is an example of the 
radar data obtained during this investigation. 
A soil profile with a maximum depth of 20 feet was available 
for the area where the radar data was obtained. The soil over-
lying the limestone is classified as poorly graded, fine sand. 
The exact depth of the water table was not shown in the profile, 
but is known to be deeper than 20 feet. Based on Table 1, an aver-
age dielectric constant constant of 8, corresponding to a pulse 
velocity of 2.8 ns/ft, is estimated for both the sand and limestone 
material. By applying this velocity, the total two-way scan time 
of 286 ns is equivalent to a probing depth of about 50 feet. An 80 
MHz antenna was used in this survey to achieve the maximum signal 
penetration. 
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In Figure 27, horizontal bedding planes in the limestone are 
evident at depths of 30 feet or greater. The essentially blank 
areas below the strong surface reflection is believed to be rela-
tively homogeneous sand. As shown in the figure, the bedding planes 
are disrupted by a fracture plane extending from 30 to 40 feet deep. 
The profile of Figure 27 is an example of GPR performance un-
der very favorable subsurface conditions. The fairly dry sandy 
overburden and the underlying limestone are both relatively trans-
parent to radar signals because the low conductivity of these mater-
ials keeps signal attenuation to a minimum. Although the subsur-
face conditions in this profile are favorable, the grainy black 
areas near the bottom of the profile are representative of a low 
signal-to-noise ratio. The presence of this noise indicates that 
the radar signal is close to its maximum penetration depth. 
Other radar surveys conducted in the same general area were 
limited to penetration depths of 10 to 20 feet. The presence of 
thick clay layers at these sites rapidly attenuated the radar sig-
nal and limited penetration. This rapid attenuation was due to the 
relatively high conductivity of clay as shown in Table 1. In 
areas with slight amounts of clay in the subsurface profile, maxi-
mum penetration depths of 40 to 50 feet were possible. 
Subsurface Cavity Profile 
A GPR investigation was conducted in the Gainesville area to 
locate subsurface cavities. The Fort Clarke-Deerhaven power 
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transmission line was being constructed over a region prone to sub-
surface cavity and sinkhole formation. Subsurface information was 
needed at some sixty transmission pole sites to locate any subsur-
face cavities which might possibly threaten the pole foundations. 
Figure 28 is a radar profile obtained during this investiga-
tion. An average dielectric constant of 8 is used to estimate the 
pulse velocity in the subsurface materials consisting of alternate 
layers of sand, clayey sand, and sandy clay. The water table is 
believed to be lower than the radar profile depth. Using this in-
formation, the total two-way scan time of 175 ns corresponds to a 
probing depth of 30 feet. The large hyperbolic reflection on the 
right side of the profile is believed to emanate from a subsurface 
cavity at a depth of 9-10 feet. The horizontal extent of the re-
flection pattern is about 60 feet, indicating a possible cavity 
diameter of 15 to 20 feet, based on the expansion factor observed 
during the cavity modeling study. 
The vertical dashed line to the left of the hyperbolic reflec-
tion is the proposed location of the transmission pole. Immediately 
to the left of the pole position is a zone of disturbance charac-
terized by closely spaced, roughly hyperbolic reflections. This zone 
is interpreted as a cavity area containing deposits of loose sand or 
clay material which gives rise to the numerous reflections. As a 
result of this subsurface information, the pole was relocated to a 
position 80 feet north of the previous site. 
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Fig. 28. Cavity zone near proposed ·transmission pole site 
in Gainesville, Florida. 
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Lake Profile 
As previously stated, many lakes in the Central Florida area 
were created by sinkhole formation. The ability of radar signals 
to penetrate water makes it possible to profile lake bottoms. 
Figure 29 is a profile of Lake Claire, located on the campus of 
the University of Central Florida. 
The data was obtained by placing an 80 MHz antenna in an infla-
table raft and towing the raft beside a power boat. The radar equip-
ment was operated from the boat, and several transects were made to 
obtain the cross section which cuts through the center of the de-
pressions. 
The total two-way scan time of the profile is 412 ns. The depth 
scale in Figure 29 is calculated by taking the dielectric constant 
of the water equal to 81, which corresponds to a pulse velocity of 
9 ns/ft. The pulse velocity in the underlying lake bottom and sedi-
ment deposits is unknown. From the radar profile of Figure 29, the 
greatest water depth is about 11 feet. This value was confirmed 
by actual depth measurements. 
The lake appears to have formed from two large sinkhole depres-
sions. The steep sides of the lake descend rapidly toward the 
throats of the former sinkholes. The relatively weak signals over-
lying the two deep depressions emanate from the surf ace of thick 
organic muck deposits. The firm sandy lake bottom is characterized 
by a strong signal reflection. 
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An interesting feature of the profile is the double reflection 
from the lake bottom. This "echo" is caused by the entrapment of 
the radar signal between two highly reflective interfaces. Initial-
ly, the radar signal penetrates the water surface and travels through 
the water until it is reflected from the lake bottom back to the 
antenna. However, some of the signal energy is reflected from the 
water surface before reaching the antenna. This energy is again re-
flected from the lake bottom and received by the antenna, thus 
creating the double reflection. 
Despite the complication of the second reflection from the 
bottom, several subsurface interfaces can be identified below the 
lake bottom. A continuous layer is evident in the center of the 
lake between the two depressions. This interface is located above 
the second bottom reflection and follows the general contours of 
the bottom terrain. 
CHAPTER VI 
SUMMARY AND CONCLUSIO~S 
Ground Penetrating Radar identifies subsurface features by 
distinguishing materials with different dielectric constants and 
electrical conductivities. The radar signal is transmitted into 
the ground by an antenna and is reflected back to the same antenna 
by various interfaces between different subsurface materials. The 
delay time of the r~f lected signal is then recorded by the radar 
system. By studying a continuous pattern of reflected signals ver-
sus delay time, subsurface features can be delineated. The depth 
to an interface can be determined if the pulse velocity in the ma-
terial is known. Subsurface cavities can therefore be detected by _ 
the variation in their electrical properties from the electrical 
properties of the surrounding material. 
Subsurface cavity models of varying size, shape, depth and 
content were profiled by the GPR system. The cavity models were 
created by excavating to the desired depth, emplacing a lining, and 
backfilling with the excavated soil. Three air-filled cavity mo-
dels were placed above the water table, and one water-filled model 
was located beneath the water table. Strong reflected signals were 
received from the roofs of the air-filled models. Radar signals 
reflected from the floor of the two larger air-filled cavities were 
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also identified, but were partially masked by oscillations of the 
roof reflection. Radar profiles of the water-filled cavity model 
showed strong reflections from the floor rather than the roof. 
In this case, the roof reflection was partially masked by reflec-
tions emanating from disturbances in the backfilled overburden. 
The reflections from the cavity models with circular or ellip-
soidal cross sections formed a hyperbolic pattern. This hyperbolic 
signature is due to the reflective characteristics of curved inter-
faces. The cubic cavity model was characterized by horizontal re-
flections from both roof and floor. 
The hyperbolic pattern formed by reflections from an ellip-
soidal cavity interface was found to be about 3 times larger than 
the actual model size in the horizontal direction. 
In this study, the groundwater table was found to have a sig-
nificant effect on the interpretation of the radar data. At the 
cavity test site, when the transmitted pulse reached the water table, 
its velocity decreased to about one-third of its velocity above the 
water table. This velocity decrease caused an elongation of the 
depth scale on the graphical record. · 
Radar signal frequency was also found to have a significant 
effect on the cavity detection ability of GPR. The higher frequency 
antennas provided better resolution of cavity features than the low 
frequency antennas. However, high frequency signals were attenuated 
rapidly, thereby limiting the penetration depth of the radar probe. 
For the soil conditions and water table depth at the cavity test 
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site, the 900 and the 500 MHz antennas were limited to penetration 
depths of approximately 4 and 9 feet, respectively. 
The low frequency 300 and 80 MHz antennas allowed deeper sig-
nal penetration than the two higher frequency antennas used in the 
study. However, the larger wavelength signal transmitted by these 
antennas provided poorer resolution of closely spaced interfaces. 
This poor resolution makes features near the surface particularly 
difficult to distinguish due to large oscillations of the surf ace 
reflection. The selection of antenna frequency is critical and 
should be based on the electrical properties of the subsurface ma-
terial, the depth of interest and the size of the subsurface target. 
During the field investigation, the best results were obtained 
with the 80 MHz antenna in areas of sandy soil overlying limestone. 
Penetration depths of 40 to 50 feet in these areas made it possible 
to map limestone features such as bedding planes and fractures. How-
ever, in areas with significant clay content in the subsurface med-
ium, signal penetration was limited to 10 to 20 feet due to the rel-
atively high conductivity of clay which causes rapid attenuation of 
the radar signal. Based on knowledge gained from the cavity model-
ing study, a subsurface cavity was identified during a GPR investi-
gation near Gainesvill~, Florida. 
The radar system provided excellent information on the subsur-
face features of Lake Claire. A continuous profile of the lake 
bottom was obtained from which the water depths could be accurately 
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determined. The location and size of muck deposits in the sinkhole 
depressions could also be easily distinguished. The radar record 
continued to provide information past the lake bottom into the un-
derlying soil. 
From the results of this investigation, it is concluded that 
GPR is an effective cavity detection technique, but only under sub-
surface conditions which are favorable to the propagation of radar 
signals. 
A great deal remains to be learned about the effect of various 
subsurface conditions on signal propagation. Accurate assessment of 
the pulse velocity is es$ential for interpretation of the radar data. 
Research is needed to classify pulse velocities for the wide array 
of soils to be found in the Central Florida area. Knowledge of the 
effect of soil stratification and water content on pulse velocity 
is also essential for proper data interpretation. The attenuation 
rate of the radar signal in various subsurface mediums is another 
topic which requires thorough investigation. 
Ground Penetrating Radar shows great promise as a subsurface 
exploration technique. Improvements in radar equipment design and 
the development of interpretive skills will make GPA even more ef-
fective in the near future. 
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